Endopolygalacturonases I, II and C isolated from recombinant Aspergillus niger strains were characterized with respect to pH optimum, activity on polygalacturonic acid and mode of action and kinetics on oligogalacturonates of different chain length (n = 3±7).
Saprophytic and plant pathogenic fungi and bacteria produce a vast array of enzymes capable of degrading the complex carbohydrate structures present in the plant cell wall. The most complex carbohydrate, and one of the major constituents of the middle lamella of the plant cell wall, is pectin. Owing to its complex structure, many enzymes are involved in the complete breakdown of pectin. Among these enzymes are pectin methylesterases, pectin and rhamnogalacturonan acetylesterases, pectate, pectin and rhamnogalacturonan lyases, rhamnogalacturonan hydrolases and polygalacturonases. The polygalacturonases [poly(1,4-a-d-galacturonide) glycanohydrolase, EC 3.2. 1.15] hydrolyze the a-1,4 glycosidic bonds between adjacent a-dgalacturonic acid residues and are thought to act specifically on the homogalacturonan or`smooth' part of the pectin molecule.
At present numerous genes encoding both exo-and endo-acting polygalacturonases have been cloned from different species. Aspergillus niger was shown to harbor a complete family of endopolygalacturonase-encoding genes, [1] all of which have now been cloned, sequenced and individually overexpressed [2±5] (L. Par Ïenicova Â and J. Visser, unpublished data). The presence of such a family of genes raises intriguing questions. Do the enzymes have complementary activities and are they expressed under different conditions? The answers to these questions will require a detailed study of the regulation of these genes and a thorough biochemical characterization of the corresponding enzymes. We recently decribed the characterization of endopolygalacturonase E [5] which probably prefers a substrate other than homogalacturonan.
Despite the large number of polygalacturonase-encoding gene sequences available in databases, very few studies have been designed to investigate the mode of action of the corresponding enzymes by analysing their subsite characteristics. The pioneering studies addressing the determination of the number of subsites of an A. niger polygalacturonase and the identification of catalytically important residues of this enzyme were described by Rexova Â-Benkova Â [6] and Rexova Â-Benkova Â & Mrackova Â [7] . Unfortunately, these studies resulted in little follow up by other research groups [5, 8] . Therefore detailed knowledge about`subsite architecture' of these industrially important enzymes is scarce. Here we report on the kinetics and mode of action of recombinant A. niger endopolygalacturonases I, II and C.
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MATERIALS AND METHODS

Molecular biology
All DNA manipulations were performed using standard techniques [9] . Promoter±gene fusions between the constitutive pyruvate kinase A promoter (pkiA) and the polygalacturonase I, II and C-encoding genes, pgaI, pgaII and pgaC, respectively, were constructed by the procedure outlined by Par Ïenicova Â et al. [5] which is presented in Fig. 1 . The PCR-generated DNA fragments were checked for undesirable mutations by sequence analysis. Plasmid pPROM-S was constructed in the same way as plasmid pPROM-H [5] , except that the NsiI linker was introduced into the SmaI site of pUC18, resulting in plasmid pUC18NS. The subsequent cloning of the BamH1/NsiI-containing pki-promoter fragment into BamH1/NsiI-digested pUC18NS led to pPROM-S. This resulted in the pki-promoter being cloned in the opposite orientation as in pPROM-H. The promoter± plasmid used and the restriction sites X and Y and their positions with respect to the translation start of the respective gene are: pPROM-H and XbaI at 276 (X) and HindIII at 1575 (Y) for pgaI, pPROM-S and KpnI at 209 (X) and KpnI at 1350 (Y) for pgaII and pPROM-S, and ClaI at 590 (X) and EcoRI at 2250 (Y) for pgaC. The final constructs were designated pIM3700, pIM3710 and pIM3780 for pki-pgaI, pki-pgaII and pki-pgaC, respectively.
Transformation of A. niger and analysis of endopolygalacturonase production
The A. niger strain NW156 (cspA1, pyrA6, leu-13, prtF28) which is derived from A. niger N400 (CBS 120.49) was used for cotransformation using 1 mg of plasmid pGW635, which contains the pyrA gene [10] and 20 mg of the plasmids pIM3700, pIM3710 and pIM3780 as descibed previously [11] .
Production and purification of endopolygalacturonases I, II and C pki-pgaI transformant 635.15, pki-pgaII transformant 617.41.1 and pki-pgaC transformant 617.410.6, which produced the highest amount of endopolygalacturonase I, II and C, respectively (see Results and Discussion section), were used for largescale production and purification of the enzymes as described before [5] .
Enzyme assays
Standard endopolygalacturonase activity measurements, pH optimum determination, and bond-cleavage frequency analysis on (reduced) oligogalacturonates as well as rate determinations on (reduced) oligogalacturonates were all carried out as previously described [5] . The effect of the degree of methylation on the specific activities of the enzymes was studied as in the standard assay, with the substrate 0.25% (mass/vol.) polygalacturonate being replaced by 0.25% (mass/vol.) pectin of various degrees of polymerization. The series of pectins of 0, 7, 22, 45, 60 and 75% of esterification were provided by the Copenhagen Pectin Factory, Lille Skensved, Denmark. The series was prepared from randomly methylesterified non-calcium-sensitive pectin by treatment with NaOH.
Analytical methods
The protein concentration of the purified endopolygalacturonases I, II and C was estimated by spectrophotometry. [12] based on the Trp, Tyr and Cys content derived from the deduced primary sequences [1±3]. The enzymes were not denatured in 6 m guanidinium chloride before absorbance determination, which may result in an underestimation of the actual protein concentration. The purity of the enzyme preparations was monitored by SDS/PAGE. The gels were stained with Coomassie brilliant blue R250. The protein molecular mass was estimated by SDS/PAGE calibrated with protein test mixture 4 (Serva, Boehringer Ingelheim, Germany).
Oligogalacturonates (reduced) were prepared and quantitated as outlined by Par Ïenicova Â et al. [5] who also detail the HPLC analysis and quantitation of reaction products.
For the isolation of D4,5-unsaturated oligogalacturonates, 1 L of a 2% (mass/vol.) polygalacturonate solution in 10 mm Tris/ HCl/1.0 mm CaCl 2 , pH 8.0, was treated for 115 h at 30 8C with 830 nkat pectate lyase isolated from A. niger (J. A. E. Benen, unpublished results). Then, the cleavage mixture was adjusted to pH 4.2 with acetic acid and incubated for 48 h at 30 8C with 1 mg of exopolygalacturonase isolated from Aspergillus tubingensis [13] to hydrolyse the saturated oligogalacturonates to GalpA. The remaining mixture of GalpA and D4,5-unsaturated oligomers, with degree of polymerization 3±10, was converted into the acidic form by the subsequent addition of three times 40 g of 5.1 meq´g ±1 Dowex 50W-X8 (H + ) (Bio-Rad). To remove remaining high molecular mass material by precipitation, the mixture was adjusted to 76% (v/v) in ethanol and filtrated. The D4,5-unsaturated oligomers were precipitated by the addition of strontium chloride. The precipitate was collected by filtration, and chloride ions were removed by extensive washing with 76% (v/v) ethanol. Finally the precipitate was washed with 96% ethanol and air-dried. The D4,5-unsaturated oligomers were then converted into the acidic form by passing them over a 30-mL Dowex 50W-X8 (H + ) column. For the removal of D4,5-unsaturated (GalpA) 3 , 1.0 g of the D4,5-unsaturated oligomers was dissolved in water. The pH was adjusted to 5.0 and the solution was then loaded on to a 15-mL Source 30 Q column (Pharmacia) in 10 mm ammonium acetate, Fig. 1 . Schematic representation of the cloning strategy for the promoter±gene fusion. A PCR-generated fragment of an endopolygalacturonase-encoding gene (pga) using oligonucleotides OL1 and OL2, where OL1 contains an NsiI site coinciding with the start of the gene and OL2 is located downstream of restriction site X, was digested with restriction enzymes NsiI and X. This fragment was ligated together with the fragment of the pga gene obtained after digestion with restriction enzymes X and Y into NsiI-and Y-digested plasmid pPROM H or pPROM S. These plasmids contain the promoter (pki) of the pyruvate kinase-encoding gene pkiA with an NsiI site coinciding with the start of the gene to fuse. pH 5.0. The D4,5-unsaturated oligomers were eluted with a 600-mL linear gradient from 0.01 m to 1.0 m ammonium acetate, pH 5.0. This chromatography step resulted in the separation of pure D4,5-unsaturated (GalpA) 3 from a mixture of the D4,5-unsaturated (GalpA) 4 -(GalpA) 8 , which were converted into the acidic form as described above.
Subsite mapping
In the past, two methods have been developed for the determination of subsite maps. One was outlined by Hiromi et al. [14] and further developed by Suganuma et al. [15] . This method is based on the bond-cleavage frequencies of oligomers differing one residue in chain length and the determination of the parameter k 0 /K m for the particular oligomers. The parameter k 0 /K m should be determined at concentrations well below the K m of the enzyme for the oligomers. This method was used for the calculation of the subsite map for endopolygalacturonase E [5] .
According to Thoma et al. [16, 17] and Alan & Thoma [18, 19] , subsite mapping requires the bond-cleavage frequencies, accurate macroscopic K m,app and V max,app values for individual oligomers, and the dissociation constant of an oligomer covering all subsites. The bond-cleavage frequencies in the model by Alan & Thoma [18] and Thoma et al. [16] not only reflect the affinities of individual positional isomers, as proposed by Suganuma, but, in addition, are the result of the specific microscopic hydrolytic rate for each positional isomer. The bond-cleavage frequencies are used to evaluate the individual subsite affinities and to assess the position of the active site and the number of subsites. For each oligomer with more than one productive binding mode, the difference in binding affinity, DDG, for a particular pair of modes, the pair of noncommon sites, can be calculated according to:
where i and i + 1 are the binding modes, m and m + 1 are products of length m and m + 1, respectively, and [P] is the amount of that product [16] . The DDG values for each pair of subsites are normalized to a reference site to yield a subsite map on a relative scale which is then converted to an absolute scale by correcting for imaginary sites [16] . The provisionary subsite map thus obtained is then optimized in a statistical approach using minimization routines that take the acceleration factor and the microscopic rates into account [18] in such a way that the predicted bond-cleavage frequencies and K m,pred and V max,pred values match the actually determined values.
RESULTS AND DISCUSSION
Overproduction of endopolygalacturonases I, II and C
To produce the endopolygalacturonases I, II and C under conditions where other pectinases are repressed [20] , promoter± gene fusion constructs were made with the pyruvate kinase promoter and the appropriate pga gene. These constructs were used to transform A. niger NW156. Transformants were analysed for endopolygalacturonase production by SDS/PAGE (results not shown). No bands were visible in the lane that contained a control sample from the host strain itself, A. niger NW156, but for each fusion several transformants showed a band of the expected size [1] namely < 58 kDa for endopolygalacturonase I, 38 kDa for endopolygalacturonase II and 61 kDa for endopolygalacturonase C (data not shown). For endopolygalacturonase II the observed molecular mass agrees well with the 34 963 Da calculated from the deduced amino acid sequence. However, for endopolygalacturonase I and endopolygalacturonase C, there is a large discrepancy of < 25±30 kDa which is probably due to N-glycosylation as indicated by NaOH treatment and endoF incubation of endopolygalacturonase C (not shown).
A. niger pki-pgaI transformant 635.15, pki-pgaII transformant 617.41.1 and pki-pgaC transformant 617.410.6 produced the largest amounts of the 58-kDa, 38-kDa and 61-kDa band and were used for purification of the respective enzymes. As, under the conditions chosen, there was no further increase in the amount of endopolygalacturonase produced after 22 h of growth, large-scale cultivation was performed for 22 h. Approximately 200 mg of each endopolygalacturonase was obtained from 5 L of culture fluid by a simple purification protocol consisting of two chromatography steps.
pH optima and V max,app and K m,app for endopolygalacturonase I, II and C Endopolygalacturonase II and endopolygalacturonase C showed the same narrow pH vs. activity profile with the maximum at pH 4.2 whereas for endopolygalacturonase I the pH profile was somewhat extended towards pH 5.0, but still with an optimum activity at pH 4.2 ( Fig. 2) . Despite the same pH optimum the maximal activity of the individual enzymes differed markedly, with a very low activity for endopolygalacturonase C. To avoid interference of the buffer ions with the HPLC column (CarboPac) in subsequent reaction product analysis experiments (see below), 50 mm sodium acetate, pH 4.2, was chosen as the buffer for all further studies. The kinetic parameter V max,app determined under these conditions was calculated as 13.8 mkat´mg ±1 , 36.5 mkat´mg ±1 and 415 nkat´mg ±1 for endopolygalacturonases I, II and C, respectively. Owing to sensitivity limits of the assay for reducing end groups, K m,app values could not accurately be determined, but were , 0.15 mg´mL ±1 for all three enzymes. From V max,app it is clear that polygalacturonic acid is a poor substrate for endopolygalacturonase C compared with endopolygalacturonases I and II. Endopolygalacturonases I, II and C are endo-acting enzymes To investigate whether endopolygalacturonases I, II and C are endo-or exo-acting enzymes, the product formation as a function of time, using the polymeric substrate polygalacturonate, was studied by high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC±PAD). As endopolygalacturonases I and II are inverting enzymes [21] , generally no condensation or transglycosylation products can occur. This also applies to endopolygalacturonase C, which also belongs to family 28 of hydrolases [22] . The results are compiled in Fig. 3A±C for endopolygalacturonases I, II and C, respectively. For clarity, (GalpA) n with 6 # n # 8 are depicted as one curve. Although there are differences in the product progression curves for each individual enzyme, the data clearly show the transient accumulation of (GalpA) n , n . 3 for all three enzymes, which unequivocally identifies them as endo-acting enzymes. Upon prolonged incubation the final products were (GalpA) 1 and (GalpA) 2 for all three enzymes, with a clear excess of (GalpA) 1 (not shown).
For endopolygalacturonase II the formation of (GalpA) n , n . 3, clearly preceded the formation of (GalpA) n , n # 3. However, for endopolygalacturonase I and endopolygalacturonase C the accumulation of (GalpA) n , n # 3, coincided with the accumulation of (GalpA) n , n . 3. Furthermore, the transient accumulation of (GalpA) n with 6 # n # 8 was small particularly for endopolygalacturonase I. The origin of the differences in product progression was addressed in more detail using oligomers of defined chain length as substrates (see below).
Mode of action and kinetic parameters of endopolygalacturonase I, II and C on (reduced) oligogalacturonates
In Tables 1, 2 and 3 the results of the analysis of the bondcleavage frequencies and hydrolysis rates of (non)-reduced oligogalacturonates are listed for endopolygalacturonase I, II and C, respectively. The location of the active site within the array of subsites was assessed by studying the hydrolysis products of reduced substrates at 500 mm final concentration. For all three enzymes the smallest reduced substrate hydrolyzable was reduced (GalpA) 4 . Inspection of the bond-cleavage frequencies for all reduced substrates used reveals that hydrolysis occurred for all three enzymes from the reduced end. It can therefore be concluded that the non-reduced oligogalacturonates are also hydrolyzed from the reducing end.
Processivity
For endopolygalacturonase I using (GalpA) n , n # 5, and reduced (GalpA) n , n # 6, bond-cleavage frequencies could be determined accurately based on the stoichiometry of the product pairs. However, for oligomers with a higher degree of polymerization, the stoichiometry of product pairs was no longer observed, viz. (GalpA) 6 hydrolysis resulted in a (GalpA) 1 / (GalpA) 5 ratio of < 2 : 1. Also the (GalpA) 4 /(GalpA) 2 ratio exceeded 1 as well. For endopolygalacturonase C, similar observations were made, and only the deviation from stoichiometry of product pairs became apparent using (GalpA) 7 . This type of product distribution is due to multiple attack on a single chain, or processivity, as first described by Robyt & French [23, 24] . Conclusive evidence for processivity can be obtained from a ratio plot. Such plots were constructed for both endopolygalacturonase I and endopolygalacturonase C. In Fig. 4 6 t = 0 ] do not coincide during early stages of the reaction, thus, the enzyme was processive towards this substrate [24] . For endopolygalacturonase C acting on (GalpA) 7 , similar results were found (not shown). For endopolygalacturonase I, using (GalpA) 7 as substrate, high amounts of (GalpA) 1 and hardly any (GalpA) 6 were observed. Similarly, using (GalpA) 8 as substrate, hardly any (GalpA) 7 and (GalpA) 6 were detected whereas large amounts of (GalpA) 1 and (GalpA) 2 accumulated (not shown). This demonstrates that endopolygalacturonase I is extremely processive towards higher oligogalacturonates. The largest oligogalacturonates accumulating in appreciable amounts using (GalpA) 7 and (GalpA) 8 as substrates were (GalpA) 4 and (GalpA) 5 . Both (GalpA) 4 and (GalpA) 5 originate from binding of the substrate in the mode that generates these oligomers in a first hydrolysis event but also arise from the processive attack starting at the reducing end. From the bond-cleavage frequencies for endopolygalacturonase C (Table 3) , it is clear that the high amount of (GalpA) 1 in Fig. 3C not only originated from processivity but also from the very strong preference for hydrolysing oligomers at the first glycosidic linkage. In fact, of Table 1 . Bond-cleavage frequencies and hydrolytic rates for endopolygalacturonase I acting on (reduced) oligogalacturonates of defined length. Assay conditions: 500 mm (reduced) oligogalacturonates or 50 mm oligogalacturonates were incubated with endopolygalacturonase I in 0.5 mL of 50 mm sodium acetate, pH 4.2. At timed intervals, 50 mL aliquots were withdrawn and mixed with 50 mL of stopmix to raise the pH to 8.3±8.5. Products were analysed and quantitated by HPAEC±PAD as described in Materials and Methods. The asterisk indicates the reduced end (galactonate). The boldface typescript indicates the reducing end. Bond-cleavage frequencies are given in percentages. Gn signifies (GalpA) n . ² Frequencies taken from reduced (GalpA) 7 , see text. Table 2 . Bond-cleavage frequencies and hydrolysis rates for endopolygalacturonase II acting on (reduced) oligogalacturonates of defined length. Assay conditions: 500 mm (reduced) oligogalacturonates or 50 mm oligogalacturonates were incubated with endopolygalacturonase II in 0.5 mL of 50 mm sodium acetate, pH 4.2. At timed intervals 50 mL aliquots were withdrawn and mixed with 50 mL of stopmix to raise the pH to 8.3±8.5. Products were analysed and quantitated by HPAEC±PAD as described in Materials and Methods. The asterisk indicates the reduced end (galactonate). The boldface typescript indicates the reducing end. Bond-cleavage frequencies are given in percentages. Gn signifies (GalpA) n .
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The product progression for endopolygalacturonases I and C acting on polygalacturonate (Fig. 3A,C) is in full agreement with the data shown for the oligogalacturonate hydrolysis. For endopolygalacturonase II acting on (GalpA) n , n . 5, a second random hydrolysis event was observed rather than processivity (see below).
Subsite mapping
The rates of hydrolysis of the non-reduced oligogalacturonates at 50 mm and 500 mm were compared. It was found that for endopolygalacturonases I, II and C using (GalpA) n , n . 3 (or n . 4 for endopolygalacturonase C), rates increased 1.2±2.2-fold (see Tables 1, 2 and 3) . This indicates that the K m values for the substrates are of the order of 50 mm and that the rates at 500 mm approximate V max . Consequently, k 0 /K m values cannot be determined at 50 mm substrate concentration as was achieved for endopolygacturonase E [5] . Lowering the concentration of (GalpA) n to 5±10 mm to meet the criteria is technically not feasable because of the detection limits of the HPAEC±PAD system, which preclude accurate quantitation. Thus, calculation of a subsite map by the method outlined by Suganuma et al. [15] was not possible for endopolygalacturonases I, II and C. Furthermore, owing to the sensitivity limits of the HPAEC± PAD system, no accurate values for K m and V max could be obtained for (GalpA) n , n . 3. For endopolygalacturonase C only for (GalpA) 4 could K m and V max be determined. Therefore the method outlined by Thoma et al. [16] and Alan & Thoma [18] could only be exploited to the level of the provisionary subsite map.
Endopolygalacturonase I
As endopolygalacturonase I appeared processive on (GalpA) 6 , precluding determination of the first generation bond-cleavage frequencies, the frequencies obtained for the reduced (GalpA) 7 were used, as the reduced product serves as a tag for the first hydrolysis event. Comparison of the frequencies of the reduced oligomers with the non-reduced counterparts, used at 500 mm concentration, shows that the bond-cleavage frequencies coincided very well for the comparable pairs. The reduced (GalpA) 6 and (GalpA) 5 pair showed only a small difference in hydrolysis rate and also the bond-cleavage frequencies differed only by 14%. Thus, for endopolygalacturonase I it seemed justified to apply the bond-cleavage frequencies for reduced (GalpA) 7 also to the non-reduced (GalpA) 6 . The validity of this assumption is strengthened by the fact that for both the reduced (GalpA) 7 and the non-reduced (GalpA) 6 a more than twofold increase in rate was observed compared with the one GalpA unit shorter oligomers. This increase can only be due to more effective binding at the subsite that accommodates the extra GalpA, subsite ± 5.
As only the bond-cleavage frequencies could be determined for endopolygalacturonase I (for n = 6 derived from reduced (GalpA) 7 ), subsite mapping cannot be taken beyond the provisionary subsite map level. For each oligomer with more than Table 3 . Bond-cleavage frequencies and hydrolysis for endopolygalacturonase C acting on (reduced) oligogalacturonates of defined length. Assay conditions: 500 mm (reduced) oligogalacturonates or 50 mm oligogalacturonates were incubated with endopolygalacturonase C in 0.5 mL of 50 mm sodium acetate, pH 4.2. At timed intervals 50 mL aliquots were withdrawn and mixed with 50 mL of stopmix to raise the pH to 8.3±8.5. Products were analysed and quantitated by HPAEC±PAD as described in Materials and Methods. The asterisk indicates the reduced end (galactonate). The boldface typescript indicates the reducing end. Bond-cleavage frequencies are given in percentages. Gn signifies (GalpA) n . Table 4 . Subsite + 2 was chosen as the reference site and set at DG = 0. This resulted in a DG of + 3.5 kJ´mol ±1 for site + 3. The cleavage patterns indicate that site + 3 is actually an imaginary site. The value of + 3.5 kJ´mol ±1 agrees reasonably well with the imaginary sites found for Bacillus subtilis amylase, i.e. + 3.4 to + 5.0 kJ´mol ±1 as reported by Thoma et al. [16] . Thus, by correction of the DG values of the sites by 3.5 kJ´mol ±1 , a provisionary map on an absolute scale is obtained for endopolygalacturonase I (Table 4 ). The map suggests that endopolygalacturonase I is composed of at least seven subsites ranging from ± 5 to + 2.
Despite the provisionary character of the map, it can account for the phenomenon of processivity: subsites ± 5 to ± 3 apparently have high affinity and therefore (GalpA) 5 will stay bound to the enzyme after hydrolysis of (GalpA) 6 in that particular binding mode. As the ratio of the productive binding modes for (GalpA) 5 is close to unity (46 : 54) and assuming that the microscopic hydrolytic rates for the two productive binding modes do not differ too much, subsite + 1 should have at least equal affinity to that of subsite ± 3 and therefore also a higher affinity than subsite ± 5. Thus, a shift of (GalpA) 5 from nonproductive binding to productive binding covering subsites ± 4 to +1 is likely to occur. The fact that non-productive binding of (GalpA) 5 contributes significantly to catalysis is also reflected in the hydrolytic rate. At 500 mm substrate concentration the rate of hydrolysis of (GalpA) 5 is only half the rate of hydrolysis of (GalpA) 4 whereas the reverse would be expected similar to the reduced substrates. At 50 mm those rates are equal. Hence, the decreased rate of hydrolysis of (GalpA) 5 is caused by substrate inhibition.
Endopolygalacturonase II
Comparison of the rates of hydrolysis of endopolygalacturonase II for (GalpA) 4 and (GalpA) 5 at 50 mm and 500 mm shows that, as for endopolygalacturonase I, the 500 mm rates probably approximate the V max values. The fall in activity at 50 mm for (GalpA) 6 , when compared with (GalpA) 5 and (GalpA) 7 , indicates that (GalpA) 6 bound less effectively to endopolygalacturonase II.
The bond-cleavage frequencies show that at 50 mm and 500 mm both (GalpA) 3 and (GalpA) 4 had only one productive binding mode. For (GalpA) 5 only minor differences were observed between 50 mm and 500 mm, whereas for (GalpA) 6 the bond-cleavage frequencies could only be determined at 50 mm. Failure to do so at 500 mm (GalpA) 6 is probably due to second-generation hydrolysis of the product (GalpA) 5 and not processivity. The reasons for this are: (a) for (GalpA) 5 no substrate inhibition was observed in contrast with endopolygalacturonase I; (b) up to n = 5 the rates of hydrolysis of (GalpA) n increased as expected; (c) hydrolysis of (GalpA) 5 at 50 mm and 500 mm proceeded at almost equal rates, indicating that the K m for (GalpA) 5 is very low [much lower than for (GalpA) 6 , see above]. The absence of processivity is corroborated by the product progression upon polymer hydrolysis (see Fig. 3B ). The bond-cleavage frequencies for (GalpA) 6 at 50 mm were determined after correction for the second-generation event, which was less pronounced at this concentration. These frequencies appear to coincide with those calculated for the reduced (GalpA) 7 . For (GalpA) 7 hydrolysis the product distribution, even at 50 mm, was too complex to determine the bondcleavage frequencies.
Applying the same methodology as used for the calculation of the provisionary subsite map for endopolygalacturonase I, only limited information can be obtained for a subsite map for endopolygalacturonase II, as the smallest substrate binding in two different productive modes was (GalpA) 5 . No DG values can be calculated for those subsites covered by both productive binding modes of (GalpA) 5 , subsites ±3 to +1. Furthermore, application of the frequencies of reduced (GalpA) 8 to those on non-reduced (GalpA) 7 , as was carried out for endopolygalacturonase I for reduced (GalpA) 7 and (GalpA) 6 , is not justified because a decrease in rate occurred for reduced (GalpA) 8 when compared with reduced (GalpA) 7 . Table 4 lists the DDG values as calculated for (GalpA) 5 and (GalpA) 6 . Again subsite + 2 was chosen as the reference site. The value of 2.8 kJ´mol ±1 for subsite + 3 is quite low for an imaginary subsite, thus correction by this value to obtain the absolute provisionary map will probably lead to underestimation of the affinities of subsites ±5, ± 4 and + 2. On the basis of these affinities, the total number of subsites for endopolygalacturonase II is seven, the same as found for endopolygalacturonase I. Comparison of the provisionary subsite maps of endopolygalacturonase I and endopolygalacturonase II reveals that endopolygalacturonase I has much higher affinity for the substrate at subsites ± 5 and ± 4 even though the values for endopolygalacturonase II may be underestimated by 0.7±1.5 kJ´mol ±1 . This difference is probably the basis for the presence of processive behavior.
Endopolygalacturonase C
Comparison of the hydrolytic rates at 50 mm and 500 mm (GalpA) n shows that, for n = 3 and n = 4, 50 mm is well below K m . Indeed for (GalpA) 4 kinetic parameters were calculated as K m = 0.70^0.05 mm and V max = 277^10 nkat´mg ±1 . Increasing n resulted in an apparent lowering of K m . Although an increased rate of (GalpA) 5 hydrolysis was expected, conversion was slower than observed for (GalpA) 4 . We cannot yet give a satisfactory explanation for this. For (GalpA) 6 hydrolysis the expected increase in rate was observed, although at 500 mm the rate was somewhat lower than at 50 mm. This is in accordance with the observed processivity on (GalpA) 7 which implies some effective non-productive binding of (GalpA) 6 and therefore also substrate inhibition by (GalpA) 6 (see endopolygalacturonase I).
Owing to the fact that (GalpA) 5 and (GalpA) 6 bound in maximally two productive modes, viz. hydrolysis at the first and second glycosidic linkage from the reducing end, DDG values can only be calculated for subsites ±5/+2 (DDG = 28.3 kJ´mol
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) and ± 4/ + 2 (DDG = ± 6.6 kJ´mol ±1 ). This limited information does not allow the calculation of a provisionary subsite map. The strong preference for hydrolysis at the first glycosidic linkage indicates that subsite + 2 has a low affinity for a GalpA unit. In view of the low rate of hydrolysis of polygalacturonate and the series of oligogalacturonates, this site perhaps prefers another sugar moiety or substituted GalpA. It is therefore tentatively concluded that endopolygalacturonase C, like endopolygalacturonase E [5] , prefers an as yet unidentified substrate.
Effect of degree of methylation of pectin on the specific activity
Endopolygalacturonases are presumed to prefer the nonmethylated substrate polygalacturonate. However, this study and our previous study on endopolygalacturonase E [5] suggest that both endopolygalacturonases C and E may prefer a modified substrate. To test whether the preferred sugar residue for one of the subsites in these two enzymes is a methylated GalpA, a series of pectins of 0, 7, 22, 45, 60 and 75% methyl esterification was used and endopolygalacturonase E was also included. In Table 5 the specific activities relative to pectin`0' are listed. The specific activities were calculated from the initial rates. From the data it is clear that endopolygalacturonase I, C and E show highest activity on both 0% and 7% esterification, whereas endopolygalacturonase II showed a 32% decrease in activity on 7% esterified pectin. On 22% esterified pectin endopolygalacturonase E activity also decreased faster. This demonstrates that all four enzymes preferred non-methylated substrate, with the least tolerance for methylation being shown by endopolygalacturonase II followed by endopolygalacturonase E.
Hydrolysis of D4,5-unsaturated oligogalacturonates
To analyse the substrate preferences of the individual endopolygalacturonases further, their ability to hydrolyze a mixture of pectate lyase-generated D4,5-unsaturated (GalpA) n , n = 4±8, was studied. The results are shown in Fig. 5 . The data clearly show that all four enzymes were able to hydrolyze the mixture. In addition to large amounts of GalpA, the products formed by all four enzymes were D4,5-unsaturated (GalpA) 2 and D4,5-unsaturated (GalpA) 3 and smaller amounts of (GalpA) 2 . In the case of endopolygalacturonase II, trace amounts of (GalpA) 3 were also detected. However, the ratio at which the D4,5-unsaturated dimers and trimers were formed differed markedly, especially in the case of endopolygalacturonase I and endopolygalacturonase II. While endopolygalacturonase I mainly formed D4,5-unsaturated (GalpA) 2 , endopolygalacturonase II accumulated predominantly D4,5-unsaturated (GalpA) 3 . Both endopolygalacturonase C and E formed the D4,5-unsaturated dimer and trimer with less pronounced differences than observed for endopolygalacturonase I and endopolygalacturonase II. These results demonstrate the difference in subsite affinities of the individual enzymes. Apparently, endopolygalacturonase I accommodates the D4,5-unsaturated GalpA unit preferentially at subsite 22, whereas endopolygalacturonase II prefers the D4,5-unsaturated GalpA unit at subsite ± 3. The exact effect of the presence of the D4,5-unsaturated GalpA at the non-reducing end of the oligogalacturonates on hydrolysis rates and bondcleavage frequencies awaits the purification of the individual D4,5-unsaturated oligogalacturonates.
So far we have characterized four of seven endopolygalacturonases from A. niger. From the data presented in this report it is clear that both endopolygalacturonase I and II are highly active on the homogalacturonan part of the pectic molecule, and that this substrate may indeed be the natural substrate for these enzymes. This is corroborated by the observation that endopolygalacturonases I and II constitute the bulk of endopolygalacturonase in a commercial pectinase preparation [8] . A concerted action of those two enzymes, endopolygalacturonase II generating higher oligomers and endopolygalacturonase I hydrolyzing these oligomers in a processive way to monomers, would provide the fungus quickly with the monomeric substrate. Previously we have suggested that endopolygalacturonase E prefers an as yet unidentified part of the pectin molecule as its substrate [5] . For endopolygalacturonase C the same may hold true. Surprisingly, endopolygalacturonases C and E show the highest degree of sequence identity [5] , which may be related to the substrate specificity. The observed processivity for endopolygalacturonase C may well be inflicted by the homogalacturonan substrates used in this study and may be absent when the natural substrate is used.
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